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CLAVATA1 (CLV1) regulates stem cell accumulation at Arabidopsis shoot and flower meristems. CLV1 encodes a receptor-like
kinase, but very little is known about downstream signaling components of receptor-kinase signaling in plants. poltergeist (pol)
mutants suppress the accumulation of stem cells that occur in clv mutants, and POL has been hypothesized to modulate CLV1
signaling. The POL gene, which encodes a functional protein phosphatase type 2C, is a member of a six-gene family in Arabidopsis.
We have isolated loss-of-function alleles for each of the five POL-like genes (PLL1 –PLL5). All gene family members, with the
exception of PLL3, are expressed broadly within the plant, albeit at differing levels. We show that PLL1 regulates meristem
development in parallel with POL. We observe a strong dosage sensitivity at the meristem for POL and PLL1 function in both loss-
and gain-of-function analyses, suggesting that these proteins are rate-limiting modulators of stem cell specification. PLL genes also
function outside of the meristem: POL and PLL1 regulate pedicel length in interaction with ERECTA, while PLL4 and PLL5 regulate
leaf development. We observed no developmental role for either PLL2 or PLL3 based on single and double mutant analysis.
D 2005 Elsevier Inc. All rights reserved.Keywords: Stem cell; Organogenesis; Leaf morphogenesis; ReceptorIntroduction
The shoot apical meristem (SAM) in higher plants is
formed during embryogenesis and is the source of aerial
organ formation throughout the lifespan of the plant.
Stem cells reside at the tip of the shoot meristem and are
found in three clonally discrete cell layers—epidermis,
subepidermis, and corpus. For the maintenance of shoot
meristem function, it is critical to modulate the prolifer-
ation of stem cells and the transition of these cells into a
more differentiated state capable of forming organ
primordia.0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.06.020
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134, Seoul 120-749, South Korea.Several mutants resulting in dramatic shoot meristem
defects have been isolated and the corresponding genes
studied for the mechanism by which they regulate meristem
function. CLAVATA1 (CLV1), CLV2, and CLV3 genes are
known to play major roles in promoting the differentiation
of stem cells, as clv mutations lead to the accumulation of
undifferentiated cells at shoot and flower meristems. CLV1,
CLV2, and CLV3 genes encode a receptor-like kinase
containing leucine-rich repeat (LRR) motifs, a receptor-like
protein, and a small extracellular polypeptide, respectively
(Clark, 1997; Fletcher et al., 1999; Jeong et al., 1999). A
series of genetic and biochemical studies revealed that CLV1,
CLV2, and CLV3 function in the same pathway (Clark et al.,
1995; Jeong et al., 1999; Kayes and Clark, 1998; Trotochaud
et al., 1999).
The WUSCHEL (WUS) gene is both necessary and
sufficient within the meristem to specify stem cells and is
a central regulator of stem cell specification. WUS
encodes a transcription factor containing a homeodomain85 (2005) 272 – 284YDBIO-02075; No. of pages: 13; 4C: 5, 6, 7, 8, 9
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Interestingly, WUS is not expressed within the stem cells,
but instead WUS establishes a basally located organizing
center that suppresses differentiation of the overlying
stem cells in a non-cell autonomous manner (Schoof et
al., 2000).
Molecular genetic analyses have revealed that WUS is
the key target of the CLV signaling pathway. The
expression domain of WUS expands in clv mutants
(Schoof et al., 2000). wus mutants are epistatic to clv
mutants, and ectopic expression of WUS can generate
Clv phenotypes (Laux et al., 1996; Schoof et al., 2000).
Furthermore, the misexpression of CLV3 leads to Wus
phenotypes, but only in the presence of functional CLV1
and CLV2 (Brand et al., 2000). Therefore, WUS enhances
the expression of CLV3, while CLV3 down-regulates the
expression of WUS. This feedback regulation loop is
considered as a key component for the regulation of the
size of SAM in Arabidopsis (Brand et al., 2002; Schoof
et al., 2000).
Despite this molecular genetic outline of CLV func-
tion, very little is known about the mechanism by which
CLV components transmit an intracellular signal in order
to repress WUS expression. Kinase-associated protein
phosphatase (KAPP), a type 2C protein phosphatase, is
an apparent negative regulator of CLV1 signaling and
interacts directly with many receptor-kinases, including
CLV1 (Stone et al., 1994, 1998, Williams et al., 1997).
poltergeist (pol) mutants were isolated as suppressors of
clv mutants (Yu et al., 2000), and POL represents a novel
candidate for a regulator of CLV signaling. pol mutants
partially suppressed the phenotypes of all clv alleles
tested by reducing the stem cell accumulation at the
shoot and floral meristems; however, pol single mutants
exhibited only subtle phenotypes. POL encodes a novel
type of functional protein phosphatase 2C (PP2C), having
a relatively long insertion between the 3rd and 4th
conserved PP2C motifs (Yu et al., 2003).
The lack of dramatic phenotypes in pol single
mutants left several unresolved questions. Is POL an
important component of stem cell regulation, or does the
lack of pol phenotypes imply that POL function is
peripheral or minor? Is POL a common component of
many receptor-like kinase (RLK) signaling systems? Is
POL activity redundantly encoded by multiple genes? To
address these questions, we analyzed the Arabidopsis
genome for POL-like (PLL) genes and found that POL
is a member of a unique subfamily of six putative
phosphatases in Arabidopsis. Using reverse genetics, we
showed that POL and PLL1 are both regulators of stem
cell specification in a parallel dosage-sensitive manner.
We observed that POL and PLL1 also overlap in the
regulation of pedicel and embryo development as well.
Furthermore, we found that PLL4 and PLL5 regulate leaf
development, while having no detectable function within
the meristem.Materials and methods
Plant materials and growth condition
The pol-6, pll2-1, pll4-1, and pll5-1 mutants used in this
study were obtained from Salk Institute Genomic Analysis
Laboratory (distributed by Arabidopsis Biological Resource
Center), the pll1-1, pll3-1 mutants were obtained from
Syngenta Torrey Mesa Institute, and the pll5-2 was obtained
from the knockout facility at the University of Wisconsin
(Wisconsin DsLox T-DNA lines). Seeds were germinated on
the 1:1:1 mixture of top soil:perlite:vermiculite containing
approximately 1 g/pot of Osmocote 14-14-14 after imbibi-
tion at 4-C for 5 days. Plants were grown at 22-C under
approximately 800 foot-candles of constant cool white
fluorescent light.
Isolation of insertional mutants
T3 or T4 progenies of the pol-6 and pll T-DNA insertion
line seeds were screened by PCR for plants homozygous for
the insertional allele. A left border (LB) primer (LBa1 for
SALK lines, SynLB3 for SAIL lines, or p745WiscDs66 for
Wisconsin DsLox T-DNA lines) and a gene-specific primer
were used in reactions with genomic DNA isolated from
leaves of individual plants as template. Homozygous
mutants were identified by second PCR analysis using
gene-specific primer pairs flanking T-DNA insertion sites.
Specific primer sequences are shown in Supplemental Table
1. Primers used were as follows: Lba1/PLc2 and POL306/
PLc2 for pol-6; PLL1c1/SynLB3 and PLL1c1/PLL1c2 for
pll1-1; Lba1/PLL2c2 and PLL2c2/PLL2c3 for pll2-1;
PLL3-5V/SynLB3 and PLL3-5V/PLL3c3 for pll3-1; Lba1/
PLL4-3VUTR and PLL4c2/PLL4-3VUTR for pll4-1; Lba1/
PLL5-3VUTR and PLL5c2/PLL5-3VUTR for pll5-1; and
PLL5c2/p745WiscDs66 and PLL5c2/PLL5-3VUTR for
pll5-2.
Phylogenetic analysis
Amino acid sequences encoded by the last three exons
of the POL and PLL genes were used for the
phylogenetic analysis. The sequences were first aligned
with the ClustalX program and further analyzed with the
PAUP4 program to determine the phylogenetic relation-
ships among the corresponding genes. The three genes
(At3g16560, At3g55050, and At3g12620) that are most
similar to POL in the Arabidopsis genome except for
PLLs were defined as the outgroup for the analysis, a
placement supported by intron/exon structure of the
genes.
Expression pattern analyses
Total RNA was purified from roots, rosette leaves,
stems, cauline leaves, young inflorescence, open flowers,
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liquid nitrogen and transferred to RNeasy Plant RNA
purification kit (Qiagen). First strand cDNA was synthe-
sized using 1 Ag of total RNA, oligo (dT) primer, and
Superscript reverse transcriptase (Invitrogen) following
the manufacturer’s guide. PCR was performed with 25
cycles of 1 min at 94-C, 1 min at 55-C, and 1 to 2 min
at 72-C, after a 3 min denaturation step at 94-C. Primers
used for amplification are as follows: POL306/PLc2 for
POL; PLL1c1/PLL1c2 for PLL1; PLL2c2/PLL2c3 for
PLL2; PLL3c1/PLL3c3 for PLL3; PLL4c2/PLL4-3VUTR
for PLL4; PLL5c2/PLL5-3VUTR for PLL5; WUS N/WUS
C for WUS; h-ATPase-F/h-ATPase-R for b-ATPase.
Extension times for all reactions were 1.5 min, except
for PLL1 (2 min), WUS (1 min), and b-ATPase (1 min).
To generate GUS reporter constructs, 2.5 kb upstream
of the POL translation initiation site and 3.0 kb upstream
of PLL1 initiation site were PCR amplified with primer
sets POLpro5V/POLpro3V and PLL1pro5V/PLL1pro3V,
respectively, using Bacterial artificial chromosome (BAC)
clones F14M4 and T32F12 as templates, respectively, and
cloned into pCR2.1 vector. Vector DNA containing these
POL and PLL1 promoters were digested with EcoRV/SpeI
and EcoRV/BamHI, respectively, and cloned into the
pCB308 vector (Xiang et al., 1999), containing the GUS
reporter gene, digested with SmaI/SpeI and SmaI/BamHI,
respectively. These constructs were introduced into Agro-
bacterium tumefaciens AGL1 strain with the freeze-thaw
method (An et al., 1988). Arabidopsis plants were
transformed with dipping method (Clough and Bent,
1998).
GUS assay
Plant tissues were prefixed with ice-cold 90% acetone for
10 min and washed once with distilled water. Plant tissues
were placed in the staining solution containing 2 mM X-
gluc, 0.2% triton X-100, 10 mM potassium ferrocyanide,
and 10 mM potassium ferricyanide in 50 mM sodium
phosphate buffer (pH 7.0) and vacuum-infiltrated for 10
min. Tissues were stained generally for an hour and cleared
with a series of ethanol as previously described (Sessions et
al., 1999).
pol and pll genetics
All of the isolated pol-6 and pll mutants were
backcrossed to Ler, clv1-1, clv1-11, clv2-1, and clv3-2.
In the F2 generation, plants exhibiting Er
 or Er
together with Clv were selected, and their genotypes
were determined by PCR using genomic DNA extracted
from individual plants. The genotypes of F3 plants were
tested again in the case when homozygous lines could
not be found among the F2 plants showing Clv

phenotypes due to the linkage between the mutations or
complete suppression of Clv phenotypes.PLL1 over-expression
Full-length PLL1 cDNAwas isolated by RT-PCR with the
PLL1-N/PLL1-C primers using first strand cDNA synthe-
sized from RNA of young wild-type inflorescences as
template. For generating the PPOL:PLL1 construct, both the
2.5 kb POL upstream sequence (see above) and 0.5 kb of
sequence downstream of POL were used. The POL down-
stream sequence containing a SpeI site at its 5V end was
amplified with POL-T5VSpe/POL-T3V primers using BAC
clone F14M4 as a template. The POL upstream (XbaI/SmaI
fragment) and downstream (KpnI/EcoRI fragment) regions
were serially inserted into pUC19, and then the PLL1 cDNA
(SmaI/SpeI fragment) was introduced in between. This
construct was digested with XbaI/EcoRI and introduced into
the pCB302 binary vector (Xiang et al., 1999).
For generating the PPOL:POL construct, both the 2.5 kb
POL upstream sequence (see above) and 0.5 kb POL
downstream sequence were used. The POL downstream
sequence containing a BamHI site at its 5V end was amplified
with POL-T5V BamHI/POL-T3V primers. The POL upstream
(XbaI/SmaI fragment) and downstream (KpnI/EcoRI frag-
ment) regions were serially inserted into pUC19, and then
both of them were introduced into pCB302 after digestion
with XbaI/EcoRI. The POL cDNAwas PCR amplified with
POL-N/POL-C and then introduced between the upstream
and downstream regions of POL in pCB302 after digestion
with SmaI/BamHI.
Full-length PLL1 cDNA (SpeI fragment that was PCR
amplified with PLL1-NSpe/PLL1-C primers) was introduced
into pAD31 (Die´vart et al., 2003) containing ER promoter
and E9 terminator after the removal of CLV1 cDNA. PLL1
cDNA (SpeI fragment) was also introduced into pCB302.3
binary vector containing CaMV35S promoter (Xiang et al.,
1999). A truncated PLL1 cDNA fragment (tPLL1, encoding
amino acids 217–783) and a truncated POL cDNA fragment
(tPOL, encoding amino acids 233–856) lacking the non-
catalytic N-terminal extensions were amplified with tPLL1-
N/PLL1-C and tPOL/POL-C primers, respectively, and
introduced into pAD31. A cDNA fragment coding for full-
length POL was PCR amplified with POL-N BamHI/POL-C
primers and introduced into pCB302.3 vector after digestion
with BamHI. clv2-1 pol-6 and/or Ler plants were trans-
formed with these constructs.
For the ectopic expression of PLL5, a full-length cDNA
fragment was amplified with PLL5-NSpe/PLL5-C primers
using a full-length cDNA of PLL5 (pda01563 from RIKEN)
as a template, digested with SpeI, and introduced into the
pCB302.3 vector. This construct was used for the trans-
formation of Ler, pll5-1 er, and clv2-1 pol-6 plants.
Plant dimension measurement
Average pedicel length was determined by measuring
bottom ten pedicels of five to eight individual plants with
vernier calipers under a dissecting microscope.
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individual plants were measured with vernier calipers when
leaves were fully expanded.Results
Isolation of pll mutant alleles
Given the evidence that POL function might be re-
dundantly encoded (see Introduction), we sought to analyze
related protein phosphatase-encoding Arabidopsis genes for
their roles in meristem and organ development. Using
BLAST analysis and a recent comprehensive protein
phosphatase 2C (PP2C) gene family analysis (Kerk et al.,
2002) as a guide, we assessed the phylogeny of POL-related
genes in Arabidopsis. We found POL to be a member of aFig. 1. T-DNA insertional alleles of pol-6 and plls. (A) Phylogenetic relationships
three exons. Numbers indicate bootstrap values for 100 replicates. (B) Locations
exons and lines introns. The numbers above the exons indicate the conserved mot
non-conserved insertions in the catalytic domain. (Bork et al., 1996). Gene-specifi
indicated as arrows. (C) Total RNA prepared from 2-week-old above-ground tis
transcript in each corresponding T-DNA insertion allele. h-ATPase was used as amonophyletic group of six Arabidopsis genes which share
unique intron/exon boundaries as well as unique protein
structure among phosphatase-encoding genes (Figs. 1A, B).
Specifically, they all share an insertion in the catalytic
domain (Fig. 1B), as previously noted for POL (Yu et al.,
2003). Because of these similarities, we named these genes
PLL1 through PLL5 (POL At2g46920; PLL1 At2g35350;
PLL2 At5g02400; PLL3 At3g09400; PLL4 At2g28890;
PLL5 At1g07630). To determine whether any of these genes
share functional overlap with POL, we isolated insertional
alleles for each gene, including an insertional allele for POL,
from the transferred DNA (T-DNA) insertion collections of
SALK, SAIL, and Wisconsin DsLox T-DNA lines (Fig. 1B)
(Alonso et al., 2003; Sessions et al., 2002). The presence of
the T-DNA insertion in the open reading frame of each
mutant was confirmed with polymerase chain reaction (PCR)
using a primer complementary to the left border (LB) regionamong POL and PLL genes based on the amino acid sequences of the last
of T-DNA insertions in the POL and PLL genes are shown. Boxes indicate
ifs found in the protein phosphatase 2C family, with black boxes indicating
c and T-DNA primers used for the verification of the T-DNA insertions are
sue was used in RT-PCR reactions to reveal no full-length POL or PLL
standard.
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PLL gene. The precise insertion sites were determined by
border sequencing (Fig. 1B, Supplemental Fig. 1).
Homozygous lines for each mutant allele were isolated,
and we confirmed that each mutant line generated no full-
length transcripts for the corresponding gene (Fig. 1C).
Each homozygous mutant was then assessed for devel-
opmental phenotypes. pol-6, pll1-1, pll4-1, and pll5-1
plants exhibited detectable phenotypes, while pll2-1 and
pll3-1 plants were phenotypically wild type based on
superficial analysis (see below and data not shown).
PLL genes are expressed broadly
To examine the spatial expression pattern of the PLL
genes, reverse transcriptase (RT)-PCR analysis was per-
formed using RNA transcripts isolated from various tissues
of Arabidopsis with gene-specific primers flanking introns.
The transcripts of the POL and all PLL genes except for
PLL3 were detected from all of the tissues examined
including seedlings, root, rosette leaves, stem, cauline
leaves, young inflorescence, flowers, and siliques (Fig.
2A). The expression levels of POL, PLL4, and PLL5 were
relatively higher than that of PLL1. PLL2 transcripts were
barely detectable. No transcripts were detected for PLL3.
To examine the expression pattern of POL and PLL1 in
detail, a b-glucuronidase (GUS) reporter gene was expressed
under the control of 2.5 kb region upstream of POL (PPOL)
or a 3.0 kb region upstream of PLL1 (PPLL1) (Figs. 2B–
G). At the seedling stage, the PPOL:GUS signal was readily
detected in the developing shoot meristem region, vascular
tissues, and root meristem region, while PPLL1:GUS
expression was mainly found in developing vascular tissue
beginning just below the shoot meristem region and ending
just above the root meristem region. Although reporter geneFig. 2. POL and PLLs are broadly expressed. (A) The expression patterns of POL
indicated tissues. b-ATPase and WUS were used as controls. (B–G) Upstream
glucuronidase in the PPOL:GUS (B, C, D) and PPLL1:GUS (E, F, G) transgenic line
old plants (D, G) stained for GUS activity.fusions are prone to artifacts, these broad expression
patterns of POL and PLL1 visualized by reporter gene
correlated with the RT-PCR results and match within the
apex previous RNA in situ hybridization results for POL
(Yu et al., 2003).
PLL1 regulates meristem development
The primary phenotype of pol mutant alleles is their
phenotypic suppression of clv mutants (Yu et al., 2000). clv
mutants accumulate undifferentiated stem cells at shoot and
floral meristems as a result of the expansion of WUS
expression (Clark et al., 1993, 1995; Kayes and Clark, 1998;
Schoof et al., 2000). Within the flower, this larger
population of cells is eventually divided into supernumerary
organs in each whorl of the flower (Clark et al., 1993,
1995). The number of floral organs, particularly the number
of carpels that make up the gynoecium, is a sensitive
indicator of defects in meristem size, with larger meristems
giving rise to more organs (Clark et al., 1993, 1995; Kayes
and Clark, 1998). Changes in floral organ number have been
used to assess both enhancers and suppressors of clv
mutants and can be done so quantitatively (Pogany et al.,
1998; Yu et al., 2000).
The pol allele with the strongest suppression of clv
mutants was the missense allele pol-1 (Yu et al., 2000).
Other pol alleles lead to weaker Clv suppression, with
none definitively demonstrated as a null allele. To address
whether pol-1 is dominant-negative, we assessed the newly
identified pol-6 allele, which contains a T-DNA insertion in
the central catalytic coding sequences and is the best
candidate for a pol null allele. The suppression level of
pol-6 measured by carpel numbers on the background of
clv1-1 was lower than that of pol-1 (Fig. 3A), suggesting
that the pol-1 is indeed a dominant-negative allele and likelyand PLLs as determined by RT-PCR analysis on RNA collected from the
sequences from POL and PLL1 were used to drive expression of h-
s. Shown are 5-day-old seedlings (B, C, E, F) and inflorescences of 3-week-
Fig. 3. pol and pll1 mutations are additive dosage-sensitive suppressors of
clv phenotypes. (A) The mean numbers of carpels per flower of various pol
clv and pll1 clv plants. At least 200 flowers for each genotype were
counted. Vertical lines represent standard error. (B) The mean number of
carpels per flower for clv3-2 plants carrying various combinations of pol-6
and pll1-1 mutant alleles. POL and PLL1 alleles not indicated are wild
type. At least 100 flowers were counted for each mean number. The vertical
bars represent the standard error. (C) Representative siliques of clv3-2, clv3-
2 pol-6, and clv3-2 pll1-1 plants.
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redundant, proteins. Hence, we used pol-6 for the remainder
of our genetic studies.
To test functional overlap between POL and each PLL
gene, all of the isolated pll mutants were crossed to various
clv mutants to determine whether they could suppress Clv
phenotypes. Among the various pll mutants, only pll1-1
exhibited a consistent suppression of clv mutant phenotypes
(data not shown). We therefore focused detailed analysis on
interactions of pll1-1 with clv mutants. Based on measure-ments of floral organ number, pll1-1 suppressed clv1-11,
clv1-1, clv2-1, and clv3-2 phenotypes, albeit to a lesser
degree than pol-6 (Fig. 3A). Thus, PLL1 regulates meristem
development and may act in parallel with POL.
To determine whether POL and PLL1 act in parallel, a
series of pol and pll1 mutant combinations were introduced
into clv3-2, one of the strongest clv alleles. As shown in Fig.
3B, the severity of clv3-2 depends on the number of the
functional POL and PLL1 alleles present. When all four
wild-type POL and PLL1 alleles are present, clv3-2 exhibits
a severe phenotype. Reduction of individual POL or PLL1
alleles resulted in a partial, additive suppression of the Clv
phenotype. Thus, likely null alleles of each gene were
incompletely dominant, indicating haplo-insufficiency for
both POL and PLL1. When mutant alleles at both genes
were introduced, the specific alleles retained their incom-
plete dominant properties. In all equivalent combinations,
the effect of removing a POL allele was greater than
removing a PLL1 allele (Figs. 3B, C). Interestingly, the
clv3-2 pol/+ pll1/+ phenotype was intermediate between the
clv3-2 pol and clv3-2 pll1 phenotypes.
pol pll1 double mutant plants were seedling lethal,
preventing any straightforward analysis of their post-
embryonic development (data not shown).
PLL1 can replace POL function in vivo
POL and PLL1 appear to function in parallel, yet POL
has a greater development role than PLL1, based on loss-of-
function analysis. One possibility is that POL protein is
more active than that of PLL1 or better able to regulate
meristem development. Alternatively, the difference may
result from the higher expression of POL than PLL1 in the
meristem, consistent with our analysis of POL and PLL1
gene expression (Fig. 2).
To test these ideas, we sought to assess the abilities of
POL and PLL1 to rescue the pol defects of clv2-1 pol-6
plants. In this case, we would observe whether the trans-
genic constructs restored the Clv phenotype. Because the
expression levels of POL and PLL1 appear to be rate
limiting in a clv mutant background (Fig. 3), we used
multiple cis regulatory elements to drive expression. For
POL, we used both the POL cis elements (PPOL—2.5 kb of
upstream sequence), as well as the cauliflower mosaic virus
(CaMV) 35S promoter (P35S—Xiang et al., 1999). For
PLL1, we used PPOL and the ERECTA (ER) promoter
(PER—Die´vart et al., 2003). The ER gene is expressed in
the shoot meristem and aerial organ primordia (Torii et al.,
1996; Yokoyama et al., 1998). CLV1 expression driven by
PER fully rescues clv1-11 (Die´vart et al., 2003). Because we
observed no effect of pll5 mutants on Clv phenotypes in
loss-of-function analysis, we used PLL5 driven by P35S to
determine if the lack of function was related to divergence in
protein activity.
Each construct was transformed into clv2-1 pol-6 plants,
and multiple independent lines were isolated and phenotypi-
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35 independent transgenic lines showed partial restoration
of the Clv phenotype (Fig. 4H). For PPOL:PLL1 clv2-1
pol-6 plants, 5 out of 42 independent transgenic lines
exhibited partially recovered Clv phenotypes (Figs. 4D–
G). The low frequency of rescue might result from the
rate limitation of POL and PLL1 in the clv mutant
background and hence depend on high transgene expres-
sion levels. To test this, RT-PCR analysis was performed
with RNA isolated from five representative independent
PPOL:PLL1 clv2-1 pol-6 T3 transgenic plants showing
various levels of Clv and wild-type phenotypes (Fig. 4I).
The expression level of PLL1 correlated well with the se-
verity of the Clv phenotype of the rescued plants, indicating
dosage-sensitivity.
We also assessed multiple P35S:POL clv2-1 pol-6 and
P35S:PLL5 clv2-1 pol-6 independent transgenic lines. For
the P35S:POL clv2-1 pol-6 transgene, 7 out of 76
independent lines at least partially restored the Clv
phenotype, while none of 121 independent PLL5-containing
transgenic lines restored the Clv phenotype (data not
shown). PER:PLL1 clv2-1 pol-6 also restored Clv
 pheno-
types in 16 out of 46 independent lines (Fig. 5, see below).
Because POL and PLL1 were capable of rescuing the pol-6
defect using two different sets of cis elements, we conclude
that the differential developmental roles of POL and PLL1
are largely driven by differences in expression patterns.
PLL1 over-expression promotes stem cell identity
When we examined in detail PER:PLL1 clv2-1 pol-6
lines that we had generated to test PLL1 rescue of pol-6
defects (see above), we observed that PLL1 over-expression
enhanced the clv2-1 defects, leading to the development of
enlarged meristems. Four independent transgenic PER:PLL1
clv2-1 pol-6 lines exhibited fasciated shoot meristems, a
phenotype almost never seen in clv2-1 single mutants (Fig.Fig. 4. PLL1 complements pol-6 mutants. Representative inflorescences of 4-week
are independent clv2-1 pol-6 transgenic lines carrying PPOL:PLL1 (D–G) and PPO
and total RNA isolated from above-ground tissues of 2-week-old plants correspo5D). Therefore, the higher expression of PLL1 under the
control of PER provided stronger Clv
 phenotypes com-
pared to the original clv2-1 background.
To test if over-expression of PLL genes could promote
stem cell identity and generate Clv phenotypes in a wild-
type meristem, we transformed PER:PLL1 into wild-type
Ler plants. Four of 24 independent PER:PLL1 transgenic
lines developed Clv phenotypes, most noticeably the
development of supernumerary organs within the develop-
ing flower (Figs. 5B, E), and additional whorls of organs
inside the normally central whorl 4 carpels (Fig. 5C).
Representative PER:PLL1 independent lines showing a
range of Clv phenotypes were assayed for transgene
expression by RT-PCR. A correlation of the severity of
Clv phenotypes and PLL1 expression was observed,
indicating a strong dosage sensitivity of the meristem to
PLL1 levels in gain-of-function transgenics (Fig. 5F). Our
previous conclusions that clv mutants accumulate stem cells
at shoot and flower meristems suggest that the Clv
phenotypes in the PER:PLL1 transgenes are the result of
stem cell accumulation as well.
To determine if expression of POL, PLL1, and PLL5
under a stronger set of cis regulatory elements could lead to
meristem phenotypes for all three genes, we transformed
POL, PLL1, and PLL5 under the control of P35S into wild-
type Ler. P35S:PLL1, but not P35S:POL or P35S:PLL5,
induced Clv phenotypes. Five out of 28 independent
P35S:PLL1 lines displayed Clv
 phenotypes (Figs. 6B, F).
None of 40 independent P35S:POL lines and 29 independent
P35S:PLL5 lines displayed any Clv
 phenotypes.
Previous analysis of POL phosphatase activity indicated
that inclusion of the N-terminal extension eliminated in vitro
activity, while the POL catalytic domain alone was active,
suggesting that the N-terminal extension might be an auto-
inhibitory domain (Yu et al., 2003). To test this idea, we
expressed POL and PLL1 catalytic domain without the
N-terminal extension in Arabidopsis. PER:tPLL1 and-old clv2-1 (A), clv2-1 pol-6 (B), and Ler (C) plants are shown. Also shown
L:POL (H). (I) RT-PCR analysis was performed with PLL1-specific primers
nding to the genotypes in panels (A–G). b-ATPase was used as standard.
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No effect of either transgene was observed (data not shown),
indicating that either the N-terminal extension is essential
for function or that the transgenes are lethal.
POL and PLL1 regulate pedicel development
We have previously observed that some components of
the CLV signaling pathway affect pedicel development.
clv2 mutants in the Ler background develop longer
pedicels than wild-type Ler plants (Kayes and Clark,
1998). Because the er mutation present in the Ler
background leads to shorter pedicels, among other
phenotypes (Torii et al., 1996), clv2 can be viewed assuppressing this aspect of the er phenotype. PER:CLV1
transformed into Ler plants also suppresses the er pedicel
phenotype (Die´vart et al., 2003). Furthermore, pol
mutants develop shorter pedicels in the Ler background
than wild type, indicating that these mutants enhance the
er pedicel phenotype (Yu et al., 2000).
With this evidence of interaction between CLV compo-
nents, ER, and pedicel development in mind, we assessed
the pedicel length in pol and pll1 mutants, as well as in
PLL1 over-expression lines. When pol and pll1 alleles were
measured for pedicel length, we noted that the presumed
pll1-1 null allele exhibited a more severe reduction in
pedicel length than the presumed pol null allele, pol-6 (Fig.
5G). The missense pol-1 allele, which we have previously
suggested as dominant-negative, had the most severe
phenotype, suggesting that pol-1 may interfere with PLL1
function (Fig. 5G). Thus, both POL and PLL1 are required
for the elongation of pedicels.
To test whether the effect of pol and pll1 mutations
were dependent on the er mutation, we also measured
mutant pedicel length in an ER+ background. Here, we
observed no effect of either pol or pll1, suggesting that
the phenotype is dependent on the lack of er function
(Fig. 5G); however, the lack of uniform genetic back-
ground in these experiments raises the possibility that
other loci affected the phenotype.
When PLL1 over-expression lines in the Ler background
were examined, we observed suppression of the Er
phenotype in the form of longer pedicels (Fig. 5E). The
extent of pedicel elongation correlated well with the severity
of Clv phenotypes these transgenes also caused and the
level of PLL1 expression (Figs. 5E, F).
Other aspects of the er phenotype include shorter
gynoecia/silique, as well as altered morphology at the distal
tip of the gynoecia (Shpak et al., 2003; Torii et al., 1996).
While PER:CLV1 suppresses er pedicel defects, it does not
suppress er gynoecium/silique defects (Die´vart et al., 2003).
To determine whether the reductions in POL/PLL1 activityFig. 5. PER:PLL1 ectopic expression alters meristem and pedicel develop
ment. Inflorescences of 4-week-old Ler plant (A), a PER:PLL1 transgenic
plant (B), and a PER:PLL1 clv2-1 pol-6 transgenic plant (D) are shown
Note the supernumerary carpels and elongated pedicels (B, arrow) of the
PER:PLL1 plant and the fasciated stem of the PER:PLL1 clv2-1 pol-6 plan
(D, arrow). (C) A PER:PLL1 gynoecium with one carpel wall removed to
reveal a fifth whorl gynoecium (arrow), typical of the Clv phenotype
inside. (E) Presented are the mean number of carpels per flower (black bars
and the mean length of pedicels (white bars) for five independen
PER:PLL1 transgenic lines, with wild-type Ler and Col as controls. A
least 100 flowers were counted for each estimate of carpel number, and 50
pedicels were measured for each mean pedicel length. Vertical bars
represent standard error. (F) RT-PCR analysis of PLL1 expression in the
PER:PLL1 transgenic lines analyzed in panel (E) was performed with tota
RNA isolated from 2-week-old above-ground tissues. h-ATPase was used
as a standard. (G) Presented are the mean length of pedicels and siliques o
Ler, pol-6 er, pll1-1 er, pol-1 er, Col, pol-6 ER, and pll1-1 ER plants. The
first 10 pedicels and siliques were measured from eight different plants
Vertical bars represent standard error.-
.
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Fig. 7. PLL4 and PLL5 regulate leaf shape. (A) Leaves from 20-day-old
Ler, pll5-1/+ er, pll5-1 er, pll5-1 pll4-1 er, and pll4-1 er plants and
P35S:PLL5 Ler transgenic plants were removed and arranged acropetally.
(B) Presented are mean measurements for the width, the flattened width,
and the length of fifth position rosette leaves from ten 24-day-old plants of
each genetic background indicated. Genotypes bracketed by er carried the
er mutation, while genotypes bracketed by ER were wild-type for ER. Note
that two independent P35S:PLL5 transgenic lines were assayed. Vertical
bars represent standard deviation. (C) PLL5 complements the pll5-1 mutant
as evident by the rosette morphologies of 20-day-old pll5-1, P35S:PLL5
pll5-1 and Ler plants.
Fig. 6. P35S:PLL1 over-expression alters gynoecium, leaf, vascular and
meristem development. Four-week-old inflorescences of Ler (A) and
transgenic P35S:PLL1 in the Ler background (B). (C) A gynoecium of
P35S:PLL1 Ler transgenic plants (right) exhibited a protruded style
phenotype (asterisk) similar to that of Col ER (left), suppressing the short
style phenotype of Ler (center). (D) Leaves of P35S:PLL1 transgenic plants
(bottom) were rounder and shorter that those of Ler (top). (E) Altered leaf
morphology of P35S:PLL1 transgenic plants (right) was associated with
reduction in the development of high ordered veins compared to wild-type
Ler leaves (left). (F) The mean carpel number of five independent
P35S:PLL1 transgenic lines exhibiting Clv
 phenotypes were determined.
At least 100 flowers were counted for each mean. Vertical bars represent
standard error.
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Er phenotypes, we assessed gynoecium length and mor-
phology. In pol-6, pol-1, and pll1 mutants, no change in
gynoecium/silique length or distal tip morphology was
observed (Fig. 5G, data not shown). However, P35S:PLL1
lines exhibiting Clv phenotypes also displayed a suppres-
sion of both the er pedicel and distal tip morphology
phenotypes (Fig. 6C). Attempts tomeasure gynoecium length
in these lines were complicated by the Clv phenotypes in the
flower, which tend to reduce gynoecium length indirectly by
reducing fertility and by the development of supernumerary
organs inside the gynoecium (Clark et al., 1993).
In summary, POL and PLL1 are dosage-sensitive
regulators of pedicel length whose role is primarily seen
in er mutant backgrounds. PLL1 over-expression also
suppresses er distal gynoecium defects, raising the possi-
bility that these proteins may be components or modifiers of
ER signaling.PLL5 and PLL4 regulate leaf development
Both PLL4 and PLL5 have roles in leaf development.
pll4-1 and pll5-1 mutants developed abnormal leaves that
were altered in shape and curling compared to wild type
(Figs. 7A, B). Similar to pol and pll1, we observed dosage
sensitivity for pll5-1, as even plants heterozygous for the
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types (Figs. 7A, B).
Despite altered leaf morphology co-segregating with the
insertion in pll5-1, questions about whether this phenotype
was actually due to the insertion within the PLL5 gene
became apparent when we observed no such leaf phenotypes
within pll5-2 plants. pll5-2 contains an insertion at the very
carboxy-terminus of the coding sequence and is predicted to
only affect the last 13 amino acids (Fig. 1B). Thus, the lack of
phenotype in pll5-2 could be the result of the pll5-2 insertion
not sufficiently affecting PLL5 gene function. To resolve this
issue, we transformed pll5-1 plants with P35S:PLL5. Twenty-
three of 35 independent lines showed partially or fully
rescued leaf defects (Fig. 7C), indicating the leaf phenotypes
are the result of disruption of PLL5.
To assess the nature of the leaf defects in both pll4-1 and
pll5-1, we measured leaf length and width in Ler and mutant
backgrounds (Figs. 7A, B). For width, we measured both the
unflattened width and the width of the leaves when flattened.
Differences between these two measurements indicate the
extent of leaf curling (Table 1). pll5-1 leaves were shorter,
narrower, and more curled than wild-type Ler (Fig. 7, Table
1). pll4-1 leaves were longer, wider, and more curled than
wild-type Ler (Fig. 7, Table 1). Interestingly, pll4-1 pll5-1
double mutant plants were intermediate between the pll4-1
and pll5-1 in terms of length and width and more closely
resembled wild-type Ler (Fig. 7, Table 1). This suggests that
PLL4 and PLL5 function antagonistically in leaf develop-
ment. When examined in the Col ER+ background, both pll4-
1 and pll5-1 phenotypes were noticeably weaker (Fig. 7B),Table 1
pll5 and pll4 affect leaf size, shape, and curling
Genotype W1/La W2/Lb W1/W2c W2/Ler W2d L/Ler Le
Ler 1.00
(0.17)f
1.00
(0.06)
1.00
(0.16)
1.00
(0.06)
1.00
(0.07)
pll5/+ 0.94
(0.13)
1.16
(0.05)
0.81
(0.12)
1.03
(0.08)
0.88
(0.05)
pll5 0.71
(0.14)
1.15
(0.12)
0.62
(0.12)
0.79
(0.08)
0.68
(0.05)
pll5 pll4 0.81
(0.15)
1.13
(0.05)
0.71
(0.14)
0.96
(0.09)
0.85
(0.10)
pll4 0.64
(0.13)
0.96
(0.06)
0.67
(0.15)
1.27
(0.11)
1.32
(0.07)
P35S:PLL5 T2a 1.40
(0.12)
1.19
(0.10)
1.17
(0.03)
1.02
(0.07)
0.86
(0.10)
P35S:PLL5 T2b 1.53
(0.18)
1.33
(0.15)
1.15
(0.07)
0.98
(0.08)
0.75
(0.12)
a W1/L indicates the mean unflattened leaf width divided by the mean
leaf length normalized to wild-type Ler. See Fig. 7 for all measurements.
b W2/L indicates the mean flattened leaf width divided by the mean leaf
length normalized to wild-type Ler.
c W1/W2 indicates the mean unflattened leaf width divided by the mean
flattened leaf width normalized to wild-type Ler.
d W2/Ler W2 indicates the mean flattened leaf width divided by the mean
flattened leaf width of wild-type Ler.
e L/Ler L indicates the mean leaf length divided by the mean leaf length
of Ler.
f Standard deviation is shown in parentheses for each ratio.again suggesting an important relationship between ER and
PLL function.
Like POL and PLL1 within the meristem, PLL5 over-
expression led to phenotypes opposite of the pll5 loss-of-
function allele. P35S:PLL5 transgenic plants developed
leaves that were rounder and less curled than wild-type Ler
(Fig. 7, Table 1). P35S:PLL1 exhibited a similar effect on leaf
development in all five lines exhibiting Clv phenotypes
(Fig. 6D). When leaves of P35S:PLL1 transgenic plants were
examined in detail, we observed a marked reduction in the
presence of higher ordered venation (Fig. 6E). Interestingly,
this phenotype is also observed in mutations of the CLV1-
related genes BAM1, BAM2, and PBL (B.J. DeYoung and
S.E. Clark, unpublished data), suggesting the presence of a
CLV1-related signaling pathway regulating leaf shape
through vascular patterning.
Taken together, with other data presented, the diverse
phenotypes caused by loss- and gain-of-function within the
PLL gene family indicate that this family of phosphatases
regulates a diverse array of developmental processes in
Arabidopsis.
No observed function for PLL2 and PLL3
No phenotypes were observed for either pll2-1 or pll3-1
plants. To test if the lack of phenotypes was the result of
functional overlap with various PLL genes, multiple mutant
combinations were generated. We observed no obvious
novel phenotypes for any of the following genetic combi-
nations: pol-6 pll2-1, pol-6 pll3-1, pol-6 pll4-1, pol-6 pll5-
1, pll1-1 pll2-1, pll1-1 pll3-1, pll1-1 pll4-1, pll1-1 pll5-1,
pll2-1 pll3-1, pll2-1 pll4-1, pll2-1 pll5-1, and pll3-1 pll4-1
(data not shown).Discussion
POL is a putative signal transduction component that acts
within the meristem and within selected organs. To better
understand the role of this protein, we have characterized the
structurally unique POL gene family in Arabidopsis. Our
goal was to identify those gene family members having
overlapping function, as well as those that function in novel
developmental pathways. We have demonstrated that PLL1
functions in parallel with POL to regulate the development of
the meristem as well as the development of organs in a
dosage-sensitive manner. PLL4 and PLL5 regulate leaf
development, while no roles were identified for PLL2 and
PLL3.
Stem cell specification is sensitive to levels of POL and
PLL1
One of the striking features of loss-of-function analysis
of POL and PLL1 was the haplo-insufficiency of both genes
in the clv mutant background. This suggests that either the
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the pathway and/or that their activity is highly up-regulated
in a clv mutant background. Both hypotheses are consistent
with the results of PLL1 over-expression, which generates
Clv phenotypes in a wild-type background. Indeed, PLL1
over-expression leads to enhanced stem cell/organogenesis
phenotypes in the intermediate clv2-1 background.
Previous work has shown that wus mutants are epistatic
to clv mutants and that pol weakly enhances wus mutants
(Laux et al., 1996; Yu et al., 2000). One model that fits all of
the available data would predict that CLV signaling
represses POL and PLL1 activity, which in turn is required
for WUS activity and the activity of a minor redundant
factor. Because data for this are largely genetic or molecular
genetic in nature, a dissection of the activity of the
respective proteins will be essential to resolve this question.
Another unresolved question is why we observed over-
expression phenotypes for PLL1, but not for POL. One
possibility is that PLL1 protein is more active or less
sensitive to repressors in the meristem than POL. Alter-
natively, POL over-expression might interfere with gamete
function and/or embryo development, and hence high level
expression of POL might not be recovered in viable
transgenic plants. The use of a two-component expression
system could resolve this question.
The data on pol and pll1 alleles and interactions both in
the meristem and in organs (see below) also indicate that the
original pol-1 missense allele is very likely dominant-
negative. The pol-6 putative null allele is less severe than
pol-1 both in terms of Clv suppression and in terms of
defects in organ development. Given that PLL1 acts in a
dosage-sensitive and parallel fashion with POL, an attrac-
tive hypothesis is that pol-1 is dominant-negative by
interfering in part with PLL1 activity. Indeed, the pol-1
pedicel length phenotype is more severe than either pol-6 or
pll1-1 mutations alone. Because the pol-1 missense
mutation is predicted to affect the catalytic phosphatase site
(Yu et al., 2003), pol-1 protein may non-functionally interact
with a common target protein, preventing its regulation by
PLL1.
POL and PLL1 are pleiotropic regulators of meristem and
organ development
Not only do POL and PLL1 function to regulate
meristem development in parallel, they also act outside the
meristem to regulate the development of organs. pol and
pll1 mutants also lead to shorter pedicels than wild type.
Interestingly, while pol-6 has a greater phenotypic conse-
quence than pll1-1 in the meristem, the situation is reversed
in the pedicels.
The pol and pll1 pedicel phenotypes are only revealed in
an er mutant background, suggesting that ER normally
masks the role of POL and PLL1. This parallels the
meristem where pol and pll1 meristem phenotypes are
primarily seen in clv mutant backgrounds. Furthermore,PLL1 over-expression led to a suppression of er phenotypes
in a dosage-sensitive manner. Combined with the previous
observations that clv2 mutants suppress er pedicel pheno-
types and that the PER:CLV1 transgene suppresses the er
pedicel phenotype, this suggests that there is a CLV-like
pathway involving POL/PLL1 that either involves, or
functions in parallel with, ER to regulate pedicel length
by affecting the same fundamental process.
er mutants display additional phenotypes including
gynoecia that are shorter with altered distal tip morphology.
clv2 mutants and the PER:CLV1 transgene only suppress the
er pedicel defects (Die´vart et al., 2003; Kayes and Clark,
1998), raising the possibility that this represents a pedicel-
specific pathway. Consistent with this hypothesis, pol and
pll1 mutants have no effect on gynoecium length nor distal
tip morphology. However, the P35S:PLL1 transgene does
suppress the er gynoecium distal tip morphology defect.
Whether this is an artifact of over-expression or represents
an endogenous function for PLLs in gynoecium develop-
ment is unclear.
Function of other PLL gene family members
Further data on the broad functional nature of this gene
family came from analysis of pll5-1 and pll4-1 mutants and
their interactions. pll5-1 homozygous plants, and pll5-1/+
heterozygous plants to a lesser extent, develop leaves more
curled, darker green, shorter, and more narrow than wild
type. This phenotype is complemented by P35S:PLL5,
indicating that it is the result of the insertional element
within the PLL5 gene. pll4-1 mutants display leaf pheno-
types different from that of pll5-1, and pll4-1 suppresses the
leaf phenotypes of pll5-1 mutants. Whether this represents
PLL4 functioning antagonistically to PLL5 within the same
cells or in differing cell populations within the leaf is
unclear.
As in the meristem for POL and PLL1, the role of PLL5
in the leaf is sensitive to dosage level in both loss- and gain-
of-function situations, with P35S:PLL5 causing leaves to
develop rounder and flatter than wild type. Leaf phenotypes
resulting from the P35S:PLL1 transgene could be linked to a
reduction in the development of higher ordered vascular
strands.
The lack of observable phenotypes among pll2 and pll3
mutants could be the result of our superficial analysis or the
low level at which these genes are expressed.
Phylogeny predicts functional relationships within the PLL
family
We have previously shown with the homeodomain-
leucine zipper III gene family that developmental relation-
ships between members of a family do not always correlate
with phylogenetic relationships (Prigge et al., 2005). Within
the PLL gene family, two of the of the three gene pairs
appear to share functional relationships: POL and PLL1 act
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within leaf development. No function could be assigned to
PLL2 and PLL3, leaving the functional relationships of
these genes unresolved. It is interesting to speculate that this
family of phosphatases acts as signaling intermediates for a
number of receptor-kinases. Confirmation of this will have
to await additional receptor-kinases that regulate the
development processes affect by pll mutants.Acknowledgments
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